Abstract. Cotton wool plaques (CWP) are large, ball-like plaques lacking dense amyloid cores that displace adjacent structures. They were first described in a Finnish kindred with early-onset Alzheimer disease (AD) with spastic paraparesis due to a presenilin-1 ⌬9 mutation. We describe a case of sporadic late-onset AD with numerous neocortical CWP as well as severe amyloid angiopathy and marked leukoencephalopathy, compared with 16 cases of late-onset AD with similar degrees of amyloid angiopathy and leukoencephalopathy. The cases were studied with histologic methods and with single and double immunostaining for beta-amyloid (A␤), paired helical filaments-tau (PHF-tau), neurofilament (NF), glial fibrillary acidic protein (GFAP), HLA-DR, and amyloid precursor protein (APP). We found that CWP were well-circumscribed amyloid deposits infiltrated by ramified microglia and surrounded by dystrophic neurites that were immunopositive for APP, but only weakly for NF and PHF-tau. A␤1-12 was diffuse throughout the CWP, while A␤37-42 was peripherally located and A␤20-40 more centrally located. Two of the 16 late-onset AD cases also had CWP, but they were also admixed with diffuse plaques and plaques with dense amyloid cores. Pyramidal tract degeneration was not a consistent finding or a prominent feature in any case. The results suggest that CWP are not specific for early-onset familial AD with spastic paraparesis.
INTRODUCTION
Non-familial and familial forms of Alzheimer disease (AD) are characterized neuropathologically by neurofibrillary tangles (NFT), dystrophic neurites, and neuropil threads as well as a heterogeneous population of senile plaques. NFTs can be intracellular or extracellular, and are composed of aggregated, hyperphosphorylated microtubule-associated protein tau. Pathologic staging and clinicopathologic studies have found that tau pathology correlates better with disease progression than plaque burden (1, 2) . Senile plaques are complicated lesions composed of extracellular deposits of beta-amyloid (A␤) and various cellular elements. Amyloid may be in dense cores or in reticular or diffuse deposits (3) . Commonly referred to as ''classic,'' ''compact,'' or ''mature,'' dense-cored plaques are well-circumscribed lesions averaging 20 m in diameter that have a dense amyloid core and are surrounded by a corona of diffuse amyloid admixed with microglia and dystrophic neurites. Reticular plaques are also well-circumscribed lesions that contain dense amyloid, but they lack a central core. Diffuse plaques are variably sized amorphous lesions that appear to be composed of truncated or amino-terminally modified A␤ peptides, including A␤17-42 or p3 (4, 5) , that also lack neuritic dystrophy and reactive glia. Diffuse plaques may be numerous in some cognitively normal individuals, and From the Departments of Pathology (Neuropathology) and Neuroscience (TVL, RC, JH, DWD), Mayo Clinic, Jacksonville, Florida.
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healthy-appearing neurons can be observed within diffuse amyloid deposits (3, (6) (7) (8) .
Cotton wool plaques (CWP) have been associated with familial AD with cerebral amyloid angiopathy (CAA) due to a deletion in exon 9 of presenilin-1 (PS1-⌬9), as well as spastic paraparesis that may precede or overshadow cognitive impairments (9, 10) . CWP in PS1-⌬9 cases are described as large, round eosinophilic structures lacking a congophilic core and are easily observed on routine histologic stains (9, 10) .
We report and characterize CWP in a case of late-onset AD without a family history of dementia, and no evidence of either spastic paraparesis or a PS1 mutation. We compare this case to 16 cases of advanced AD with both moderate to marked CAA and leukoencephalopathy to see if there is any correlation of CWP to CAA or leukoencephalopathy and if the white matter pathology common to cases with CAA can account for the long tract degeneration seen in PS1-⌬9 cases.
MATERIALS AND METHODS

Case Material
Senile plaques in the brain of an 87-yr-old woman with lateonset AD were noted to be histologically similar to CWP described in familial AD cases with PS1 mutations. This woman presented with progressive memory loss and inability to perform familiar skilled tasks, such as sewing, 10 yr before she died. She was status post right colectomy and adjuvant chemotherapy with 5-fluorouracil and levamisole for adenocarcinoma of the colon. She also had a past history of hypothyroidism. Her neurological examination was remarkable for disorientation, memory loss, and impaired verbal cognitive functions. She was unable to name the president, but she could perform simple calculations and spell. She had absent ankle reflexes and equivocal up-going toes. Her gait was abnormal, but attributed to arthritic knees. The family history was negative Abbreviations: M ϭ male; F ϭ female; NA ϭ not available; Age at depth (in years); AD ϭ Alzheimer disease; CWP score ϭ cotton wool plaque score; Leukoencephal. ϭ white matter pathology score; CAA ϭ cerebral amyloid angiopathy score (average of 5 cortical areas); CST degen. ϭ Corticospinal tract degeneration assessed in medullary pyramids; NA ϭ not available.
for neurological disease. Laboratory tests, including CSF analysis, were normal. The EEG showed diffuse slowing, maximal in the left temporal region.
Neuropathologically, she had advanced AD (Braak stage VI), severe CAA, and leukoencephalopathy. All cases in the Mayo Clinic Jacksonville brain bank with a diagnosis of AD and in which paraffin blocks were available for additional studies (n ϭ 343) were screened for features common with the index case, namely marked CAA and leukoencephalopathy. Sixteen AD cases with marked CAA and leukoencephalopathy were ascertained. The mean age for the cases was 79.1 yr (Ϯ10.2), and the male to female ratio was 1:3. (Table 1 )
Histochemistry and Immunohistochemistry
Five-m-thick sections of formalin-fixed, paraffin-embedded tissue were stained with routine histochemical methods including H&E, thioflavin-S, Congo red, Bielschowsky's silver stain, and Luxol fast blue (LFB). Immunohistochemistry was performed for A␤1-12, A␤20-40, A␤37-42, glial fibrillary acidic protein (GFAP), HLA-DR, PHF-tau, neurofilament (NF), and APP (Table 2) . Sections were deparaffinized, rehydrated, and microwaved in dH 2 O. They were then incubated in 0.03% H 2 O 2 / phosphate buffered saline (PBS, pH 7.4), 5% normal serum and then in primary antibody overnight at room temperature in a humidified chamber. Sections were visualized using the ABC biotin-streptavidin method (Vector Labs, Burlingame, CA) with 0.3% diaminobenzidine (DAB) as the chromogen. A␤ and APP immunohistochemistry required pretreatment in 95% formic acid prior to boiling.
Double Labeling Immunohistochemistry
Double immunolabeling on paraffin-embedded sections was used to study the distribution of A␤, APP, NF, tau, and associated glial reactions. Peroxidase/phosphatase-and peroxidase/ peroxidase-based methods were both used. For the peroxidase/ phosphatase-based method, sections were incubated in a cocktail of primary antibodies simultaneously overnight, washed, incubated in a cocktail of peroxidase-or phosphatase-conjugated secondary antibodies, and developed. A sequential method was used for the peroxidase/peroxidase-based method. Primary antibodies were detected using the ABC method in sequential order. Chromogen combinations were reversed.
Sections of the medulla oblongata and cingulate gyrus were studied with a double-labeling method developed by Ishizawa et al (12) using HLA-DR immunohistochemistry counterstained with LFB to study microglial activation, myelin uptake, and axonal degeneration (11).
Double Immunofluorescence Confocal Microscopy
Fifty-m-thick sections were cut on a vibratome. Basal ganglia, frontal and occipital cortices were sampled. These sections were prepared for double-labeling immunofluorescence for A␤ and tau. The tissues were pretreated in 95% formic acid, incubated in 0.4% Triton-X 100, 0.03% H 2 O 2 , 5% normal serum and then in a cocktail of the 2 primary antibodies. The tissues were then thoroughly washed in PBS and incubated in a cocktail of isotype-matched FITC or TRITC-conjugated secondary antibodies. The tissues were then mounted on glass slides and coverslipped using aqueous mounting medium. Fluorophore combinations were also reversed.
Computer-aided 3-dimensional serial reconstruction of the CWP was performed using an Olympus Confocal Laser Scanning Microscope system equipped with a BX-50 fluorescent/ light microscope and Fluoview 2.0 software. XYZ ''stacks'' were obtained by taking incremental 2-m scans of the same field. Either the boundaries of the tissue (50 m) or the lowest and highest levels of the largest plaque in the field were used as the limits for the serial scans. * Indicates cases with CWP; amount of immunoreactivity in plaques scored on a 4-point scale (0 ϭ none, 1ϩ ϭ mild, 2ϩ ϭ moderate, 3ϩ ϭ severe); NA ϭ not available; HLA-DR ϭ class II MHC antigen (LN3); GFAP ϭ glial fibrillary acidic protein; PHF-tau ϭ paired helical filament tau (CP13); NF ϭ neurofilament (SMI-31); APP ϭ amyloid precursor protein (22C11).
Genetic Analyses
Genetic analysis was conducted to look for mutations in PS1 on the index case, with particular attention to the splice-acceptor site of exon 9 as in previous studies (9) . PCR amplification was carried out using intronic primers spanning each of the 10 exons of PS-1. The products were subsequently purified and sequenced in both directions using Applied Biosystems' (Foster City, CA) BigDye Terminator Cycle Sequencing kit as per the manufacturer's protocol. The products were run on an ABI 377-96 automated sequencer alongside positive and negative controls for PS1 mutations and analyzed using Sequence Analysis & Navigator software (ABI, Berkely, CA). Given that no mutation was found, the other cases of sporadic AD with CWP were not similarly analyzed.
For all cases for which frozen tissue was available, genomic DNA was extracted from fresh frozen brain using the QIAamp DNA mini kit (Qiagen, Valencia, CA). Amplification was carried out using previously published methods (12) with the following modifications. The DNA was amplified using a Hybaid Touchdown thermal cycler (Hybaid, Cambridge, UK). Conditions were an initial denaturation at 94ЊC for 5 min, followed by 35 cycles of 94ЊC for 30 s, 60 to 50ЊC touchdown annealing for 30 s at 0.5ЊC per cycle and 72ЊC for 45 s, with a final extension at 72ЊC for 10 min. The primer sequences used for this amplification were: forward 5Ј-TAAGCTTGGCACGG-CTGTCCAAGGA-3Ј and reverse 5Ј-ACAGAATTCGCC-CCGGCCTGGTACAC-3Ј.
After amplification, 5 units of Cfo 1 (Promega, Madison, WI) enzyme and it's buffer were added directly to 20 l of PCR product and incubated at 37ЊC for 5 h. The digest was run on a 4.5% agarose gel with 1ϫ TBE giving main fragment sizes of 91, 83, 72, and 48 base pairs.
RESULTS
The 17 cases had AD of varying degrees of severity (Braak stage IV-VI), but all had moderate to marked CAA and leukoencephalopathy. Bielschowsky's silver impregnation method revealed many NFT and SP in the cortex and hippocampus. Cerebral amyloid angiopathy was demonstrated in all cases with thioflavin-S fluorescence and Congo red birefringence and scored on a 5-point scale in 5 cortical areas (0-none, 1-mild, 2-moderate, 3-severe, 4-very severe) and the average score for all cortical areas was recorded ( Table 1 ). The LFB stain demonstrated myelinated fiber loss in the cerebral white matter with relative sparing of arcuate fibers in all cases. The severity of the white matter pathology was assessed on a 4-point scale (0-none, 1-mild, 2-moderate, 3-severe) based upon the degree and distribution of myelin staining pallor as judged in coronal sections at the level of the transverse fissure, with the cases with severe scores showing myelin pallor that extended into the centrum semiovale, while those with mild scores showing myelin pallor limited to the immediate periventricular region. Moderate cases had an intermediate distribution and/or degree of staining pallor. In almost all cases a section of medulla was also available for LFB staining, which provided an internal control on the quality of the LFB stain, as used in previous studies of white Most PHF-tau immunoreactivity in neuropil threads appeared displaced by the CWP, while a few at the plaque margin were swollen. b: Phospho-NF immunoreactive dystrophic neurites were present in the periphery of CWP, but axonal profiles were often displaced as they passed near the CWP. c: Only APP showed abundant dystrophic neurites in some of the CWP. Magnification: ϫ400. Fig. 4 . Glial pathology. a: Reactive astrocytes were located at the periphery of CWP, (b) but ramified microglial processes were dispersed throughout the CWP (note the displaced, healthy appearing pyramidal neuron adjacent to the CWP). c: Microglia in the pyramidal tract in the medulla were swollen and some had myelin debris in their cytoplasm. Magnification: ϫ400. matter pathology and in developmental studies (13) (Table 1).
All the AD cases had NFT, senile plaques, and astrocytic gliosis of moderate to marked degree and the severity of each feature was given a semiquantitative score (0-none, 1-mild, 2-moderate, 3-severe). (Table 3) Neuropil threads were detected throughout the cortical ribbon, especially in the pyramidal cell layers, and dystrophic neurites were also associated with dense or reticular amyloid deposits. Dystrophic neurites that were immunostained with PHF-tau were variably immunoreactive for NF and APP. (Table 3 ) Microglia immunoreactive for HLA-DR and with cytoplasmic swelling and short blunt processes were concentrated around dense amyloid cores. Interestingly, there was a strong correlation between the microglial reaction in plaques and the amount of A␤20-40 immunoreactivity (r ϭ 0.657, p Ͻ 0.01, Spearman rank order correlation), in fitting with previous reports (14) . GFAP-positive astrocytes generally localized to the periphery of the plaques. Poorly circumscribed diffuse plaques composed of non-fibrillar A␤ were observed in the subpial space and scattered throughout the cortical ribbon. Subpial diffuse amyloid deposits usually lacked reactive glia and neuritic dystrophy.
Cotton Wool Plaques
In addition to more typical cored and diffuse plaques, 3 cases had plaques that were readily apparent with routine H&E-stained sections, consistent with CWP. CWP were prominent in case 1, an 87-yr-old woman with lateonset AD, severe CAA, and leukoencephalopathy (Fig.  1a) . The other 2 cases had CWP admixed with more typical cored and diffuse plaques (Fig. 1b, c) . CWP were relatively large plaques with a distinct, ball-like appearance on H&E. They were weakly fluorescent with thioflavin-S and were birefringent under polarized light with Congo red, but lacked a dense core (Fig. 2a) . On Bielschowsky's silver stain, CWP were well-circumscribed lesions that seemed to act as a mass lesion displacing normal neurofibers (Fig. 2b) . CWP contrasted sharply with typical neuritic plaques, which appeared as dark brown to black amyloid deposits surrounded by curvilinear and swollen argyrophilic processes. CWP were balllike structures that showed PAS-positive granular staining concentrated at the plaque edge (Fig. 2c) . NFT, neuropil threads, and dystrophic neurites were profuse throughout the cortex of the cases with CWP, but there was a paucity of neurofibrillary pathology in the immediate vicinity of CWP. Often tau-positive neuropil threads seemed to abruptly terminate at the edge of the CWP (Fig. 3a) . Swollen dystrophic neurites immunoreactive for APP, NF, and PHF-tau were associated with CWP, but the antibody to APP stained the most dystrophic neurites (Fig. 3b, c) . Reactive astrocytes were located at the periphery of CWP, but microglia were interestingly dispersed throughout the plaque (Fig. 4a, b) . Microglia appeared slender and ramified in CWP, in contrast to the ameboid appearance of microglia in plaques with dense amyloid cores.
Pyramidal Tract Pathology
The medullary pyramid had a dense complement of myelinated fiber in all cases; none had obvious corticospinal tract degeneration. On the other hand, double staining with HLA-DR for microglia and LFB for myelin revealed microglia with LFB-positive myelin debris in the pyramidal tract of several cases ( Fig. 4c ; Table 1 ). It was most marked in 2 of the 3 cases with CWP, and consequently, severity of corticospinal tract degeneration showed a modest correlation with CWP (r ϭ 0.580, p Ͻ 0.05, Spearman rank order correlation). It also tended to be more frequent in cases with more marked leukoencephalopathy (r ϭ 0.526, p ϭ 0.051, Spearman rank order correlation), but it did not correlate with severity of CAA. (Table 1) Single and Double Immunostaining for Amyloid Peptides (Table 4) Immunostaining for A␤ revealed A␤37-42 at the periphery of CWP, while A␤20-40 and A␤1-12 were distributed more evenly throughout the plaque (Fig. 5a-c) . Vessels with CAA were immunoreactive for A␤20-40 (Fig. 5d) .
Double immunolabeling for A␤37-42 or A␤20-40 with A␤1-12 confirmed the findings noted with single immunostaining. A␤37-42 was distinctly more abundant at the periphery of CWP, whereas A␤20-40 and A␤1-12 was present in central as well as peripheral regions (Fig. 6a-d) . Given the colocalization of A␤1-12 with both A␤37-42 and A␤20-40, the amyloid in the center of CWP is consistent with ''full-length'' A␤ (3). In contrast, the failure to detect colocalization of A␤1-12 and A␤37-42 at the periphery of CWP suggests that in this 
* ϭ cases with cotton wool plaques. Amount of immunoreactivity in plaques was scored on a 4-point scale (0 ϭ none, 1ϩ ϭ mild, 2ϩ ϭ moderate, 3ϩ ϭ severe).
← Fig. 7 . Confocal microscopy of CWP. a: A␤37-42 (green) labeled large, spherical plaques in (b) a field with extensive PHF-tau fibrillary pathology. c: Superimposing the 2 images reveals that the neuritic pathology passes through the peripheral A␤, but is displaced by an inner spherical zone of full-length A␤. Other diffuse plaques were also present. The density of neuropil threads was not increased within the plaque compared to the surrounding neuropil. Confocal laser microscopy of stacked 50-m section. Magnification: ϫ600.
region of the plaque, A␤ exists as an amino-terminally modified or truncated species (e.g. P3).
Double-labeling immunofluorescence and computeraided 3-dimensional serial reconstruction of selected fields for A␤ and tau with confocal laser scanning microscopy revealed CWP to be mass lesions of up to 100-m in diameter. Amyloid was not compact, but formed a well-circumscribed reticular meshwork. A␤37-42 extended past the circumscribed, spherical zone where neuritic elements were displaced (Fig. 7a, b) . This was confirmed by cross-sectional analysis (data not shown). There were also many unorganized, diffuse plaques with neuropil threads traversing through them; however, the density of the threads was not increased within the plaque compared to the surrounding neuropil (Fig. 7c) .
Genetic Analyses
Presenilin sequencing was performed on case 1. The analysis showed no unusual sequence variants throughout the entire coding region of PS-1 compared to controls. Given the lack of family history in the other 2 cases with CWP and the negative results on the index case, PS-1 sequencing was not undertaken in the other cases. Unfortunately, in the retrospective neuropathologic series no frozen tissue was available on 9 of the 17 cases for apolipoprotein-E (APOE) genotyping. For those in which it was available, no differences were found for any of the clinical or pathologic variables comparing APOE ⑀4-positive with ⑀4-negative cases with the Mann-Whitney rank sum test.
DISCUSSION
The current report describes a morphologic variant of senile plaques, CWP, originally considered characteristic of familial AD (9, 10) in 3 cases of sporadic AD. CWP are large, round eosinophilic structures that are immunoreactive for A␤, but lacking dense congophilic cores. It has been suggested that CWP may be specific for familial AD with PS1-⌬9 mutation AD with an unusual clinical phenotype of early-onset spastic paraparesis preceding memory impairments (9, 10) . Not all reported PS1-⌬9 families have had cotton wool plaques, and not all families with PS1-⌬9 present clinically with spastic paraparesis (9, 10, (15) (16) (17) . The fact that we found abundant CWP in late-onset cases of AD with no family history, no spastic paraparesis, and no mutation in PS-1 suggests that CWP are not entirely specific for familial AD.
We do not know what factors contribute to this morphology, but speculated that CAA might play a role. Therefore we reviewed AD cases with moderate to marked CAA. We found only 2 additional cases of AD with CWP, but in these cases CWP were admixed with more typical Alzheimer-type plaques. Most cases of AD with severe CAA did not have CWP.
Senile plaques are a neuropathologic hallmark of AD that have been studied for decades, yet the significance of morphologic variants of plaques remains a mystery (3, 6) . Alzheimer recognized the importance of plaques when he first described the pathology of AD (18) , and the first standardized neuropathologic criteria for AD incorporated plaques as the essential diagnostic feature (19) . Since then, much has been learned about senile plaques, and current criteria now recognize the importance of making distinctions between plaque types when considering a diagnosis of AD (20, 21) . Most notably, neuritic plaques, especially those with dense amyloid cores, are regarded as possibly the most specific lesion for AD (3) . On the other hand, the clinical significance of diffuse plaques, which lack neuritic and glial elements, remains unclear. It has been suggested that diffuse plaques may be an agerelated pathology (3, 6, 7) . We found that CWP had features of both cored and diffuse plaques. They were well-circumscribed lesions containing A␤ as well as glial and neuritic components similar to cored plaques; however, they lacked a central dense amyloid. In CWP A␤ was diffusely distributed much like diffuse plaques. There was also a characteristic distribution of A␤ peptides in CWP, with A␤20-40 at the center and A␤37-42 at the periphery similar to cored plaques (22) .
Dystrophic neurites were present in CWP, but only at the interface of the CWP with surrounding neuropil. Dystrophic neurites in CWP were immunoreactive for APP, but only a small fraction was immunoreactive for NF or PHF-tau. It has been suggested that neurites immunoreactive for PHF-tau correlate with cognitive impairment better than APP-immunoreactive neurites, which are considered less specific and possibly a reflection of local tissue pathology (3, 23) . The neuropil outside of the CWP had neurofibrillary pathology that was similar to that in typical advanced AD cases, whereas, curiously, the dystrophic neurites associated with CWP were more akin to those seen in aging (7) .
The presence of ramified microglia throughout the CWP was unusual. In typical senile plaques, microglia cluster adjacent to dense amyloid cores and often are amoeboid, which is consistent with the idea that they are activated, but in CWP microglia often had slender and ramified processes (3). The ramified appearance of microglia is a phenotype of ''resting'' microglia, which are not considered to be actively involved in an inflammatory response. The explanation for the lack of morphologic features consistent with microglial activation might be due to the nature of the amyloid in CWP. If amyloid peptides that are truncated or modified at their amino terminal end are abundant in CWP, these peptides may lack domains, such as complement activation and microglial binding domains, which are critical to microglial activation (24, 25) . A similar argument has been put forth for the paucity of microglial reaction to diffuse amyloid plaques in aging (3, 26) .
CWP have distinct features that differentiate them from typical plaques in AD, and our observation of this morphology in a non-familial late onset AD suggests that these lesions may be more common than previously recognized. The fact that CWP are abundant in familial AD with spastic paraparesis led us to study the relationship between CAA, leukoencephalopathy, and tract degeneration in these cases. Interestingly enough, plaques similar to CWP are also found in familial British dementia with amyloid angiopathy and corticospinal tract degeneration (27) (28) (29) . There are many similarities between the lesions in the PS1-⌬9 and familial British dementia; however, amyloid in familial British dementia is composed of a 4kDa, 34-residue peptide termed British amyloid, or ABri, rather than A␤ (27) .
In a systematic survey of the pyramidal tract in the medulla, we found only occasional myelin-laden macrophages suggestive of Wallerian degeneration and these tended to be more common in cases with white matter pathology, although unequivocal Wallerian degeneration was not detected. Whether the pyramidal pathology might have been secondary to white matter pathology, which is common in cases with severe CAA (30), remains unresolved. Interestingly, pyramidal tract pathology correlated with the presence of CWP and tended to show a correlation with white matter pathology, as well. The pathogenesis of spastic paraparesis in familial AD with PS1-⌬9 mutations and in familial British dementia remains unknown. Given the present findings, further studies are warranted on the role of white matter pathology in pyramidal tract degeneration in PS1-⌬9 mutations and in familial British dementia. On the other hand, it seems unlikely to be the only factor since most AD cases with leukoencephalopathy do not have pyramidal tract degeneration.
